The effects of ethanol at physiological concentrations on neutrophil membrane tether pulling, adhesion lifetime, rolling, and firm arrest behavior were studied in parallel-plate flow chamber assays with adherent 1-m-diameter P-selectin-coated beads, Pselectin-coated surfaces, or IL-1-stimulated human endothelium. Ethanol (0.3% by volume) had no effect on P-selectin glycoprotein ligand-1 (PSGL-1), L-selectin, or CD11b levels but caused PSGL-1 redistribution. Also, ethanol prevented fMLP-induced CD11b up-regulation. During neutrophil collisions with P-selectin-coated beads at venous wall shear rates of 25-100 s ؊1 , ethanol increased membrane tether length and membrane growth rate by 2-to 3-fold but reduced the adhesion efficiency (detectable bonding per total collisions) by 2-to 3-fold, compared with untreated neutrophils. Without ethanol treatment, adhesion efficiency and adhesion lifetime declined as wall shear rate was increased, whereas ethanol caused the adhesion lifetime over all events to increase from 0.1 s to 0.5 s as wall shear rate was increased, an example of pharmacologically induced hydrodynamic thresholding. Consistent with this increased membrane fluidity and reduced capture, ethanol reduced rolling velocity by 37% and rolling flux by 55% on P-selectin surfaces at 100 s ؊1 , compared with untreated neutrophils. On IL-1-stimulated endothelium, rolling velocity was unchanged by ethanol treatment, but the fraction of cells converting to firm arrest was reduced from 35% to 24% with ethanol. Overall, ethanol caused competing biophysical and biochemical effects that: 1) reduced capture due to PSGL-1 redistribution, 2) reduced rolling velocity due to increased membrane tether growth, and 3) reduced conversion to firm arrest. The Journal of Immunology, 2008, 181: 2472-2482.
S
electins facilitate the recruitment of neutrophils to sites of inflammation. L-selectin is constitutively expressed on the tips of neutrophil microvilli and binds cutaneous lymphocyte Ag on the endothelial cell surface. P-selectin glycoprotein ligand-1 (PSGL-1) 3 is also presented on microvilli and can bind Lor P-selectin. P-selectin is stored in the membranes of platelet ␣ granules and endothelial cell Weibel-Palade bodies and becomes rapidly mobilized to the plasma membrane of these cells in response to various stimuli (1). PSGL-1 presents the tetrasaccharide sialyl Lewis x (sLe x ) that is recognized by the lectin domain of selectins. The binding and unbinding of selectins and sLe x allow for the capture of flowing neutrophils and subsequent stable rolling on P-selectin (2, 3) . In response to stimuli, PSGL-1 is redistributed from microvilli tips to the uropod (4) . PSGL-1 redistribution is considered a transition state from adhesion via P-selectin-PSGL-1 to integrin-mediated adhesion (5), leading to firm arrest and transendothelial migration.
Under flow conditions and hemodynamic force loading, neutrophil tether formation and whole-cell deformation during rolling can alter force transmission and selectin bond dynamics (6, 7) after the initial capture event. Membrane tethers are pulled when a force is exerted at a point on the cell surface and play an important role in stabilizing rolling interactions between neutrophils and the endothelium or activated platelets. During membrane tether growth, the lipid bilayer is pulled from the microvilli to form ϳ100-to 200-nm-diameter membrane tubes, presumably devoid of cytoskeleton. Because lipid membrane can expand in area only by ϳ4% or less (8) , the lipid for the tether must come from the cell body. The total surface area of the tether plus the abundantly excess lipid bilayer of the neutrophil remains essentially constant. Prior work has shown direct visualization of membrane tethers pulled during neutrophil adhesion to P-selectin (7) . Increases and decreases in tether growth rate resulted in increases and decreases in P-selectin-PSGL-1 lifetime, respectively (9) .
Because membrane fluidity may control membrane tether growth rate and adhesion dynamics, the effect of ethanol at physiological levels may have effects on neutrophil function. Epidemiological studies indicate that moderate consumptions of alcohol (1-2 alcohol beverages, ϳ30 g of ethanol per day) may decrease incidence of cardiovascular disease (10) . A 12-year study of Ͼ38,000 healthy men found that small amounts of alcohol consumed 3-4 days per week significantly reduced the risk of myocardial infarction, regardless of the type of alcohol consumed (11) . For reference, a blood alcohol content of 0.20% by volume (i.e., 2 ml of ethanol per L, corresponding to 1.58 mg/ml or 0.034 M) represents serious intoxication and 0.45% represents potentially fatal alcohol poisoning (one drink corresponds to a blood alcohol content of Ϸ0.03% and the legal driving limit in most states isper hour (12) . It remains to be elucidated how ethanol affects human neutrophil mechanics, particularly at relevant concentrations achieved in humans by alcohol consumption.
Many studies have demonstrated profound anti-platelet effects of ethanol. Owens et al. have shown that ethanol inhibited platelet accumulation on collagen-coated glass at concentrations as low as 0.02% by volume, and 0.2% ethanol inhibited mural thrombus formation (13) . McKenzie et al. found that 25 mmol/L ethanol (0.14% by volume) significantly reduced P-selectin levels on platelets (14) . In contrast to platelets, fewer studies address effects of ethanol on neutrophils. Some have found that acute ethanol exposure inhibits neutrophil chemotaxis (15) (16) (17) and attenuates expression of surface adhesion molecules (18 -20) , while other studies failed to show these effects under similar concentrations of exposure (21, 22) . Ethanol has been shown to block leukocyte recruitment and endothelial cell activation both in vivo and in vitro (23, 24) , yet others have observed that ethanol enhances leukocyteendothelial cell interactions (25) . From these studies, ethanol may have competing effects on neutrophil function and specific assay conditions may impact conclusions about whether ethanol has no effect, attenuating effect, or potentiating effect on inflammatory processes.
At unphysiological ethanol levels, Patel M et al. (23) found that ethanol inhibits fMLP-induced CD11b up-regulation and neutrophil elongation at 500 mg/dl (0.62% by volume). Nilsson E et al. (20) also reported that fMLP-or PMA-stimulated up-regulation of CD18 expression was reduced by 1.0% ethanol. Others (19) found that ethanol at concentrations higher than 500 mg/dl (0.62% by volume) inhibits CD18 expression in fMLP-induced neutrophils in a dose-dependent manner, although serum-free neutrophil suspensions showed normal resting adherence to endothelial monolayers even in very high ethanol concentrations (1000 mg/dl, or 1.2% by volume). They found that ethanol (0.3-1.3%) inhibits stimulated neutrophil adhesion to endothelial cells under no-flow conditions, which was attributed to changes in neutrophils because no change in endothelial cells were detected.
Ethanol-induced changes in membrane fluidity have been observed previously using electronic paramagnetic resonance spectroscopy and fluorescence spectroscopy, although the effect of ethanol might be underestimated because of its nonuniform distribution and partitioning into the core of the lipid bilayer (26) . Due in part to this partitioning, ethanol affects cholesterol homeostasis in biological membranes and can modify membrane fluidity in a nonhomogeneous or asymmetrical manner (27) . Fourier transform infrared, fluorescence, and spectroscopic as well as computational chemistry models have established that ethanol favors interaction or binding at the lipid-water interface, in the heterogeneous region between the phosphate and carbonyl groups near the lipid glycerol backbone and upper methylene segments of the lipid hydrocarbon chains (28) . Although ethanol interacts with membrane bilayers primarily via hydrophilic interactions, it can also penetrate into the region of upper chain segments, facilitated by hydrogen bonding to lipid phosphate groups and carbonyls as well as weak hydrophobic van der Waals attraction between the short ethyl group and upper chain segments (29) . Using micropipet aspiration on unilamellar vesicles, Ly et al. (30) have shown that area compressibility moduli, bending moduli, lysis tensions, and lysis area strains all decreased with ethanol, and the area/molecule of lipids increased while the thickness of the membrane decreased. They confirmed the lateral expansion by flow experiments as well, although the ethanol concentrations used in the study (5-20% by volume) were not in a physiological regime.
Given that the effects of ethanol on neutrophil membrane fluidity, membrane-cytoskeleton function, and the adhesion strength are poorly studied, we used the bead collision assay to examine neutrophil tether mechanics (31) during PSGL-1-P-selectin bonding. Anti-PSGL-1, calcium-free buffer, or P-selectin-free beads all result in zero detectable adhesion events in this assay, confirming that interactions between the selectin and ligand of interest can be singled out. The assay allowed simultaneous determination of adhesion lifetime dynamics and membrane dynamics under flow conditions using real-time high-resolution differential interference contrast videomicroscopy in the presence of ethanol.
Materials and Methods

Materials and cell culture
Human serum albumin (HSA; Golden West Biologicals) and HBSS (Invitrogen) without phenol red and calcium chloride were stored according to manufacturers' instructions. Polystyrene 1.05-m-diameter microspheres coated with protein A (Bangs Laboratories) were labeled with recombinant human chimera P-selectin with IgG1 Fc region (R&D Systems). fMLP (Calbiochem) and IL-1 (BioLegend) were used to activate neutrophils and endothelial cells, respectively.
Human aortic endothelial cells (HAECs) were cultured (passage Ͻ10) in EGM-2 medium (Lonza), supplemented with hydrocortisone, human epidermal growth factor, FBS, vascular endothelial growth factor, human fibroblast growth factor-B, R3-insulin-like growth factor-1, ascorbic acid, heparin, and gentamicin-amphotericin B according to the manufacturer's instructions (final serum concentration, 2%). Glass slides (38 ϫ 75 mm) were coated with type 1 collagen (BD Biosciences) at 50 g/ml in 0.02 N acetic acid. For flow chamber experiments, cells were seeded on at a density of 10 6 cells/slide and cultured to confluency.
Isolation of neutrophils
Human blood samples were obtained via venipuncture from healthy adult donors who had not taken any medications or consumed any alcohol in the prior 72 h. Neutrophils were isolated by centrifugation with Lympholyte polyseparation medium (Cedarlane Laboratories) as previously described (31) . This procedure was performed in accordance with a protocol approved by the Institutional Review Board. Neutrophils were counted and diluted with a 2% solution of HSA in HBSS with Ca 2ϩ to a final concentration of 1-2 ϫ 10 6 cells/ml. Neutrophils were incubated with physiological concentrations of ethanol (0.1-0.5 vol%) and perfused in neutrophil-bead collision assay chambers or over HAEC-coated glass slides as follows.
Neutrophil-bead collision assay
To measure membrane tether formation dynamics and bond mechanics, the neutrophil-bead collision assay was used to probe interactions between neutrophil under flow and a small point source of ligand. Protein A-coated microspheres were labeled with P-selectin as previously described (32) . The P-selectin-coated beads were washed and incubated for attachment to glass capillary flow chambers to a final concentration of 5400 P-selectin/ m 2 . Bead-coated flow chamber surfaces were washed and blocked with HBSS with 2% HSA before perfusion studies. Neutrophils were perfused into the chambers using a syringe pump at various wall shear rates. To measure any direct effect of ethanol on the protein A beads coated with P-selectin-IgG, beads were exposed to 0.3% ethanol for 30 min following P-selectin labeling and were washed before untreated neutrophils were perfused over them. In these fully matched experiments, neutrophils from a single donor and a single donor session were run side by side against beads that were unmodified or pretreated with 0.3% ethanol so that the only variable in the control study was ethanol pretreatment.
P-selectin-coated surface perfusion assay
To prepare P-selectin-coated surfaces, microcapillary flow chambers were incubated with affinity-purified human platelet P-selectin (ϳ1 g/ml final concentration) in Ca 2ϩ -and Mg 2ϩ -free HBSS for at least 3 h at room temperature. Excess or unbound protein were removed by washing the flow chamber by perfusing Ca 2ϩ -and Mg 2ϩ -free HBSS with 2% HSA through the chamber for 30 min. The final P-selectin site density was previously determined as ϳ10 sites/m 2 (7) at these coating conditions.
Endothelial cell parallel plate flow chamber
Confluent monolayers of HAECs on glass slides were exposed to steady laminar shear stress in parallel plate flow chambers attached to flow loops for media recirculation (15 ml) in a 37°C incubator as previously described . For the capillary assay, B ϭ 0.02 cm, W ϭ 0.2 cm; for the HAEC flow chamber, B ϭ 0.025 cm, and W ϭ 2.5 cm.
Imaging and video analysis
Flow chambers were imaged by Zeiss Axiovert 135 microscopy: for capillary flow chambers with P-selectin beads, differential interference contrast microscopy was used with the 63ϫ objective, whereas HAEC-coated flow chambers were imaged by phase contrast microscopy (20ϫ Plan Apochromat). Data were recorded using a JVC Professional Series VCR Super VHS and Sony Trinitron connected to the central processing unit-microscope-image processor system (34) . Images were captured at 28 frames/s (fps) and analyzed frame by frame using the JVC VHS and Adobe Premier Elements software. For high-speed imaging, images were captured using a Motion-Corder Analyzer high-speed digital camera (Eastman Kodak) at an imaging rate of 240 fps and analyzed frame by frame. ImageTool (UTHSCSA, version 2.00) software was used to transfer images from the videotape onto the central processing unit. For HAEC flow chambers, each field of view (FOV; 0.1 mm 2 ) of neutrophils flowing over HAECs was recorded in 10-s video segments. Scion Image and ImageJ (National Institutes of Health) software was used to analyze trajectories of neutrophils and membrane tether lengths. ParticleTracker and MultiTracker plugins in ImageJ were used to obtain rolling length, velocity, and firm arrest data.
The following definitions were used for image analysis of neutrophils interacting with P-selectin beads (adapted from the work of Edmondson et al.; see Ref. 31) . Adhesive interactions refer to collisions that have a visible pause in neutrophil motion lasting for at least one frame during frame-byframe analysis, with velocities below the hydrodynamic velocity. Adhesive tether-forming neutrophils are neutrophils that translate in the direction of flow at a velocity below the hydrodynamic stream velocity, form a tether, and are rapidly released. The following parameters were obtained from the neutrophil-bead collision assay: adhesion efficiency (), which is the number of collisions resulting in an adhesive interaction divided by the total number of collisions observed; membrane tethering fraction ( f), which refers to the ratio of tether-forming events to the total number of adhesive interactions; lifetimes are the duration of adhesive and tether-forming interactions; tether lengths are the distance from the center of the adhesive bead to the lagging edge of the neutrophil as measured by the ImageJ software. The mean tether growth velocity (v t ) was calculated by dividing the tether length by the tether lifetime. For the neutrophil-HAEC assay on flow chambers, the following definitions were used: firmly arrested neutrophils refer to cells that remain motionless during time of observation in FOV (10 s); rolling distance is the distance between the point of first adhesive contact between a neutrophil and the endothelial cells and the point at which the neutrophil stops rolling and remains stationary.
Flow cytometry
Isolated neutrophils at 10 6 cells/ml in HBSS-calcium-magnesium-HSA were incubated with FITC-anti-CD11b (Ancell), PE-anti-CD162 (BD Pharmingen), and AlexaFluor647-L-selectin (BioLegend). Appropriate mouse isotype control for unspecific binding to neutrophils was conducted in parallel. For compensation control, BD CompBeads (BD Pharmingen) were used: BD CompBeads anti-mouse Ig-for positive control, and BD CompBeads Negative Control (FBS) for negative control. Sample were incubated for 30 min at room temperature in the dark, washed, and diluted in 1% formaldehyde solution in PBS, and immediately run on the cytometer (FACSCalibur; BD Biosciences). The acquisition process was stopped after 10,000 neutrophils were collected for each sample. Neutrophils were identified by their characteristic forward scatter and side scatter properties as previously described (35) .
To obtain relative cellular sizes from forward scatter (FSC) distribution, FSC parameters were collected using linear amplification mode and FSC analysis was conducted using CellQuest software FSC histogram overlays and histogram statistics. Mean FSC values were then obtained by using CellQuest histogram statistic tools. Cell sizes were verified with the Coulter Counter Z2 particle analyzer (Beckman Coulter).
Immunofluorescence confocal microscopy
Isolated neutrophils (10 6 cells/ml, 0.5 ml) were incubated with buffer alone or with ethanol and were fixed with 4% paraformaldehyde at room temperature for 10 min. After a washing with PBS, the cells were stained with PE-anti-CD162 (BD Pharmingen), washed with PBS, and allowed to adhere to poly-L-lysine-coated slide glass at 4°C for 45 min. The cells were again fixed with 4% formaldehyde at room temperature for 10 min and mixed with Vectashield mounting medium (Vector Laboratories) containing 4Ј,6-diamidino-2-phenylindole followed by mounting coverslips. The samples were then sealed with nail polish and observed under a confocal FIGURE 1. Images of neutrophils tethering to P-selectin-coated beads under flow at ␥ w ϭ 100 s Ϫ1 . Typical tether length with no ethanol treatment is 1.9 Ϯ 2.6 m (A), compared with 7.7 Ϯ 3.1 m for neutrophils with 0.3% ethanol treatment (B). Digitized images taken from a video sequence of a neutrophil at a video capture rate of 240 fps. A single-membrane tether was observed between a flowing neutrophil and P-selectin-coated bead (flow from right to left). Bar, 10 m.
laser scanning microscope (Olympus IX81; Plan Apochromat APO 60ϫ/ 1.4). A z-series scan (collection of multiple images displaced along the z-axis) of 0.5 m step size was taken, yielding a stack of 20 images acquired from the top of the cell to the bottom. The intensity correlation between each slice and the next was analyzed using the ImageJ plugin (National Institutes of Health), a modified method of intensity correlation analysis as previously described (36, 37) , in which the pixel intensity in each image is compared with the corresponding pixel of the next image in the sequence, and the PDM (product of the differences from the mean) for each pixel is calculated. The resulting intensity correlation coefficient, R, ranges between zero and 1 with zero being low correlation and 1 being high. The average correlation coefficients for 5 FOV with 3-10 cells per view of untreated cells were compared with those of ethanol-treated cells.
Statistical analysis
Statistical analysis of the data was performed using a standard two-sample Student's t test assuming unequal variances of the two data sets. Statistical significance was determined using a two-tail distribution. For control experiments with ethanol treatment on beads only, the paired Student's t test was used. A p value of Ͻ0.05 was considered significant.
Results
Effect of ethanol on neutrophil adhesion to P-selectin-coated beads
During collisions of flowing neutrophils with P-selectin-coated beads, ethanol promoted the formation of longer membrane tethers than those in untreated controls (Fig. 1) . However, ethanol also reduced the capture of flowing neutrophils. At a postcapillary venule wall shear rate of 100 s Ϫ1 , the adhesion efficiency () displayed a dose-dependent reduction from ϭ 0.12 ؎ 0.06 to 0.03 ؎ 0.03 ( p Ͻ 0.001) as ethanol was increased from 0 to 0.5% by volume (Fig. 2) . In further studies conducted at 0.3% ethanol, a reduction in the adhesion efficiency was observed at all wall shear rates tested between 25 and 125 s Ϫ1 (Fig. 3A) . At 125 s Ϫ1 , 0.3% ethanol prevented successful adhesion with the P-selectin-coated beads.
As previously reported for untreated neutrophils (31), both the adhesion efficiency and the adhesion lifetime declined as wall shear rate was increased from 25 to 100 s Ϫ1 . Interestingly, 0.3% ethanol caused the adhesion lifetime over all events (with and without membrane tethers) to increase from 0.1 s to 0.5 s as shear rate was increased from 25 to 100 s Ϫ1 (Fig. 3B) , an example of pharmacological induction of hydrodynamic thresholding (shear enhancement of apparent adhesion strength) consistent with the membrane tether shielding the bond from loading (7, 38) .
The adhesion efficiency is a measurement over all collisional events, with and without detectable adhesion, whereas the adhesion lifetime is a measurement over all adhesive events, with and without detectable membrane tether formation. The ethanol-dependent reduction of adhesion efficiency is an indication of reduced PSGL-1 interaction with P-selectin in ethanol-treated neutrophils, possibly due to PSGL-1 redistribution. In contrast, the enhancing effect of ethanol on adhesion lifetime (Fig. 3B ) may result from an increase in membrane tether growth rate as shown in Fig. 1 .
At 0.1% ethanol, tethering fraction (0.63 Ϯ 0.17) and tether length (2.83 Ϯ 2.09 m) were not statistically different from the control values of tethering fraction (0.65 Ϯ 0.15) and tether length (2.50 Ϯ 2.61) for three donors ( p ϭ 0.62 and 0.56, respectively). However, 0.3% ethanol reduced the fraction of adhesive collisions that resulted in detectable membrane tethers (Fig. 4A) . By image analysis of the adhesive collision events that formed tethers, we found that 0.3% ethanol resulted in a ϳ2-to 3-fold increase in final tether length (Fig. 4B ) compared with untreated neutrophils, whereas the tether lifetime was essentially unaffected (Fig. 4C) by ethanol treatment. At a venous shear rate of 100 s Ϫ1 , neutrophils without ethanol treatment had an average tether length of 2.5 Ϯ 2.6 m, whereas neutrophils incubated with 0.3% ethanol formed tethers that were 7.7 Ϯ 3.1 m long (Fig. 4B) . Overall, 0.3% ethanol increased ( p Ͻ 0.001) the calculated average tether growth velocity at all shear rates tested (Fig. 4D) , indicating a direct effect on membrane fluidity. The most notable increase in tether growth rate occurred at 100 s Ϫ1 , in which the velocity of ethanol-treated samples was 14.3 Ϯ 3.2 m/s, a 3.8-fold increase from the control value of 3.8 Ϯ 2.6 m/s (Fig. 4D) . Frame-by-frame analysis of a set of individual tethers formed at 100 s Ϫ1 (Ϯ0.3% ethanol) showed that the tether length increased linearly with time, typically with small microfluctuations in the growth rate (Fig. 5) . To verify that the microfluctuations of tether length are not an artifact of image processing, we compared instantaneous tether length measurements from high-speed imaging (240 fps image acquisition) to those obtained from 28 fps. Microfluctuations were present in both, even at 240 fps, which yields very high temporal resolution. We also performed manual particle tracking to compare the result with those obtained from the ImageJ plugin (National Institutes of Health), in which we found the microfluctuations as well. Although overall tether growth is linear in time (Fig. 5C ), the growth in small time steps appear to be fluctuating. We performed a control experiment to verify that the effect of ethanol was neutrophil based and not due to an unexpected solvent effect on protein A-IgG linkages or P-selectin-IgG chimeric function. Adherent P-selectin-coated beads were either untreated or pre-exposed to 0.3% ethanol for 30 min, the chambers were rinsed, and untreated neutrophils were perfused into the chambers from which we measured the adhesion efficiency, tethering fraction, tether length, and tether lifetime (Table I ). In these fully matched experiments where ethanol pretreatment on beads was the only variable, we found that neutrophil interactions with ethanol-treated beads were not different from those with untreated beads ( p Ͼ 0.50 for all parameters, based on paired Student's t test). We conclude that the reduced adhesion efficiency seen in Fig. 3 and the changes FIGURE 6. Surface PSGL-1 distribution on untreated neutrophils and ethanol-treated neutrophils. Neutrophils were stained for PSGL-1, fixed, and observed with a spinning disk confocal microscope. A z-series scan was performed with 0.5-m step size (A), yielding a stack of 20 images acquired from the top of the cell to the bottom. The intensity correlation between each slice and the next was analyzed using the ImageJ plugin (National Institutes of Health) and the intensity correlation coefficient, R, was computed (B). The average correlation coefficients for 5 FOVs with 3-10 cells per FOV of untreated cells were compared with that of ethanoltreated cells (C). Bar, 10 m. in tethering parameters reported in Figs. 4 and 5 are due to the direct action of ethanol on neutrophils, not ethanol elution of the P-selectin from the beads or ethanol-mediated denaturation of Pselectin-IgG chimeric function.
Effect of ethanol on neutrophil rolling to uniformly coated P-selectin surfaces
Stable neutrophil rolling on P-selectin represents a dynamic balance between bond creation at the leading edge of the contact area and bond rupture at the lagging edge of the neutrophil where membrane tethers are pulled. In prior work using the neutrophil-bead collision assay, pharmacological treatments that enhanced the membrane tether growth velocity were shown to enhance the PSGL-1/P-selectin adhesion lifetime (see Fig. 7B of Ref. 31) . Using ethanol-treated neutrophils, we tested the expectation that enhanced membrane tether growth rate would result in force shielding of bonds at the lagging edge of the contact area, thus causing a consequent slower rolling on P-selectin-coated surfaces. We observed that 0.3% ethanol caused a 37% reduction ( p Ͻ 0.001) in the rolling velocity (Table II) . Consistent with the detection of reduced adhesion efficiency in the bead assay, we observed that 0.3% ethanol caused a 55% reduction ( p Ͻ 0.001) in the rolling flux. Thus, the membrane microphysics revealed in the bead assay using ethanol (reduced , but enhanced v t ) were consistent with observations made with uniformly coated surfaces (lower rolling flux, but slower rolling velocity). These observations led to the hypothesis that ethanol caused PSGL-1 redistribution from the microvilli thus reducing adhesion efficiency, where those events that do result in bond formation are stabilized by the more rapid growth of membrane tethers in ethanol-treated neutrophils. For both untreated and ethanol-treated neutrophils, PSGL-1 was easily detected on the plasma membrane, as observed with confocal laser-scanning microscopy. Untreated neutrophils displayed punctuate surface staining consistent with microvilli presentation, whereas on neutrophils incubated with 0.3% ethanol the PSGL-1 was more likely to be found in a more evenly distributed, ring-shaped form on the periphery of the cell, with some cells presenting accumulated larger clumps instead of the smaller punctuate clusters scattered across the surface of untreated neutrophils (Fig. 6B) .
To further quantify the PSGL-1 distribution in control vs ethanol-treated cells, we performed a z-series scan in which the individual slices are in the X-Y plane and the sequence of slices represents a sequential change in the location of the cutting plane along the z-axis (Fig. 6A) . The spacing between the slices was 0.5 m and resulted in a stack of 20 images acquired from the top of the cell to the bottom. An intensity correlation analysis between each slice and the next in the stack was performed with ImageJ (National Institutes of Health), in which a intensity correlation map was generated (Fig. 6B ) to compute the average correlation factor, R. Correlation was low (0.27 Ϯ 0.14) for untreated cells, compared with 0.77 Ϯ 0.24 for ethanol-treated cells, which confirms that PSGL-1 is unevenly distributed on control cells but are localized into clusters on ethanol-treated cells. Together with the significant reduction in neutrophil adhesion efficiency to P-selectin and no apparent change in the overall expression of PSGL-1 on the surface (which removes the possibility of PSGL-1 shedding or internalization), the confocal images and correlation coefficient analysis show that PSGL-1 is redistributed on neutrophils treated with 0.3% ethanol.
Effect of ethanol on neutrophil rolling and arrest on activated endothelium
In parallel-plate flow chambers, neutrophils (Ϯ0.3% ethanol) were perfused at a shear rate of 100 s Ϫ1 over HAECs (Ϯpretreatment of 1 ng/ml IL-1 for 5 h). As expected, without IL-1 stimulation, neutrophils displayed little rolling or firm arrest (Fig. 7A) . With IL-1 stimulation, substantially more neutrophils rolled and arrested on the endothelium. Treatment of neutrophils with 0.3% ethanol had no significant effect on rolling velocity, but reduced the fraction of Because ethanol reduced the adhesion efficiency to P-selectin beads and reduced the conversion to firm arrest on IL-1-stimulated endothelium, we also evaluated surface Ags by flow cytometry. Fig. 8A shows the effect of increasing ethanol doses on CD11b, PSGL-1, and L-selectin expression in neutrophils in their quiescent state. The flat level of CD11b and retention of the round shape of neutrophils confirmed that neutrophils were not activated by ethanol.
At the supraphysiological level of 0.5% ethanol, PSGL-1 and L-selectin Ag levels increased slightly by 15 and 25%, respectively. We also assessed the effect of ethanol on neutrophils activated by 1 M fMLP and found that ethanol had a greater influence on surface molecule expression for activated neutrophils (Fig.  8B ) than did nonactivated cells in Fig. 8A . A 30-min incubation with fMLP alone caused a ϳ50% increase in CD11b expression and resulted in visible neutrophil shape change (not shown). Ethanol treatment, however, inhibited this up-regulation ( p Ͻ 0.01 for fMLP only vs ethanol/fMLP-treated cells). Ethanol treatment did not influence PSGL-1 expression on fMLP-activated neutrophils, whereas ethanol inhibited both CD11b up-regulation and L-selectin down-regulation at both 0.3 and 0.5% ethanol concentrations (Fig. 8B) . This observation agrees with previous studies that showed CD11b level increases whereas L-selectin (CD62L) is shed from the surface upon neutrophil activation (39, 40) . The effect of activation on PSGL-1 levels is less well established, although studies have shown that PSGL-1 is preferentially localized on the tips of microvilli on quiescent neutrophils but becomes redistributed to one pole of fMLP-activated, polarized neutrophils (4). Others found that PSGL-1 is shed from the surface of neutrophils stimulated with platelet activating factor and PMA, reducing the ability to bind to P-selectin (41).
Discussion
Microvillus and tether formation occurs during capture and subsequent neutrophil rolling on P-selectin-presenting surfaces. These adhesion and tethering dynamics depend on forces generated by the membrane receptor-ligand interaction, force imposed by venous blood flow, and alterations in the viscosity of the cell membrane. Ethanol generally increases bilayer fluidity but may alter membrane-cytoskeletal interactions so that ethanol action on neutrophils is difficult to predict without direct measurement. The objective of this study was to examine the effect of ethanol at physiological concentrations on both macroscopic (adhesion properties) and microscopic (bond formation) levels; both wholecell mechanics and local plasmalemma dynamics must be examined because a change in one does not predict the other. Using in vitro flow chamber assays, we have found that ethanol significantly alters neutrophil interaction with P-selectin and stimulated HAECs.
When neutrophil PSGL-1/P-selectin interactions were probed using a bead collision assay, ethanol significantly reduced the ability of neutrophils to adhere. For those that did adhere and form tethers, however, tether lengths and growth velocity were 3-to 4-fold higher for neutrophils incubated with ethanol than for controls, whereas bond lifetimes remained unaffected. Neutrophils also retained their characteristic spherical shape and ␤ 2 -integrin expression level, indicating ethanol alone did not activate neutrophils at concentrations used in this study. Neutrophils treated with ethanol were less likely to convert to firm arrest on IL-1-activated HAECs, possibly due to the decrease in ␤ 2 -integrin expression. Upon fMLP stimulation, neutrophils responded with a change in morphology as well as increased expression of CD11b and loss of PSGL-1 and L-selectin, in agreement with previous findings on neutrophil activation (40, 42) . Treatment with ethanol at 0.3%, however, inhibited both CD11b up-regulation and L-selectin down-regulation. Whereas fMLP incubation yielded a 46% increase in mean fluorescence intensity for CD11b and a 18% decrease in L-selectin compared with untreated control, ethanol incubation reduced these values to 18% below control value for CD11b and restored L-selectin expression to the same level as control.
The reduction in the rolling velocity of neutrophils treated with ethanol is consistent with the expectation from the increase in membrane tether growth rate, which elicits force shielding of bonds at the lagging edge of the neutrophil in contact with Pselectin surface. We observed that ethanol reduced the rolling flux as well, which agrees with the reduction in adhesion efficiency in the bead collision assay. Slower rolling of ethanol-treated cells on P-selectin is consistent with the increase in tether deformability, given that reduction in rolling velocity has been attributed to more compliant microvilli both experimentally and in simulations (43) . That rolling velocity was reduced on P-selectin but not on the IL-1-stimulated endothelium demonstrates the complex and dynamic nature of the neutrophil-endothelial cell interaction, especially on an inflamed endothelium. The interaction depends on not only the P-selectin/PSGL-1 bond but also on shear rate, adhesion receptor density, and the presence of pro-and anti-inflammatory cytokines. Cytokine activity also varies with the timing of release and the local chemokine concentration gradient. The reduced rolling velocity on the P-selectin-coated surface suggests ethanol-induced change in the P-selectin/PSGL-1 linkage and tether deformability in nonactivated neutrophils; neutrophil rolling on stimulated endothelium, however, is a far more complex process that can be mediated by all three selectins (44) , their ligands, and other inflammatory agents so that the ethanol treatment alone may not be able to alter significantly.
From these observations, we hypothesized that ethanol affects membrane fluidity and adhesive behavior by changing PSGL-1 distribution. Because overall expression levels on the surface of ethanol-treated cells remained unchanged in flow cytometry, the ligand was likely redistributed rather than shed from the surface or internalized. Previous studies have found PSGL-1 in low-density lipid microdomains, and an intact actin cytoskeleton is a requirement for its redistribution because the cytoplasmic tail of PSGL-1 interacts with linking proteins between the plasma membrane and the actin cytoskeleton (5). This surface redistribution may promote bond breakage, preventing neutrophils from adhering to P-selectin. Neutrophils with PSGL-1 scattered throughout the surface may be stimulated efficiently by P-selectin binding, although the polarized distribution (as found in ethanol-incubated cells) may weaken the adhesion of neutrophils to P-selectin, as shown previously on P-selectin-expressing monolayers (45) . Ethanol also interacts directly with lipid groups in the bilayer through both hydrophilic and hydrophobic forces. The weak hydrophobic van der Waals attraction between the short ethyl group and upper chain segments are unable to compete with the strong desire of ethanol to form hydrogen bonds with lipid phosphate groups, thus preventing high concentrations of ethanol within the hydrophobic core (29) . Because hydrogen bonding is intimately coupled to the ordering of hydrocarbon chains, it is likely that ethanol disrupts the order of the chains. Ethanol may interact with interface region of proteins in a similar mechanism as in the lipid-water interface.
Tether growth affects the magnitude of the force applied on the bond by changing the moment arm of the force on the bond. Assuming negligible inertia (due to the low Reynolds number) and a quasi-steady state, the net force and torque on the cell is approximately zero in any position of the cell. Under these assumptions, we performed a force and torque balance on the tethering neutrophil as described by Shao et al. (6):
(1)
F S is the shear force on the cell, F B is the force on the bond, and is the angle between the top of the bead and the tether attachment point on the neutrophil. The length of the lever arm, l, between the neutrophil and the bead was directly measured as the sum of the measured tether length, L tether m , plus the hydrodynamic radius of the neutrophil, R. For the purpose of comparison, we assumed a radius of R ϭ 4.25 m for the neutrophil. T s refers to the torque imposed by the shear flow on the cell. To solve for F s and T s , Goldman's equations (46) give the relationship between shear stress and the forces experienced by a flowing sphere as it flows parallel to a plane wall:
In these equations, represents viscosity, which is 0.01 poise. ␥ w represents the wall shear rate, and h refers to the distance from the center of the cell to the chamber surface, or h ϭ R ϩ ␦, where ␦ is the gap distance between the neutrophil and the chamber surface. C and D are constants that are determined from the ratio of h/R based on extrapolation of numerical data given by Goldman, which was 1.65 and 0.95 for our system. At each shear rate and concentrations tested, the calculated force on the bond was above 45 pN, the average minimum force to pull a tether from a neutrophil (38) . The forces on untreated neutrophils are in the tether formation range (Ͼ61 pN) in which a tether forms at a constant velocity that depends linearly on the force (6). We found that calculated forces on ethanol-treated neutrophils were in the transition zone (between 34 and 61 pN) in which tether formation depends on the membrane-cytoskeleton association strength.
The ability of ethanol to significantly enhance passive neutrophil deformability has been reported previously (19) . Blood flow can deform rolling neutrophils into a more hydrodynamic profile and increase the contact area with the vascular endothelium (47, 48) . In vitro flow chamber studies indicate that an increase in wall shear stress (40 s Ϫ1 to 200 s Ϫ1 ) can compress the height of a neutrophil-like HL-60 cell to double the contact area with the substrate (49) . Although both ethanol-treated and untreated cells were sensitive to shear, increase in shear rate had a larger effect on neutrophils treated with ethanol.
At the same shear rate, the cells experience the same force on the cell surface; therefore, the increased tether lengths of ethanol-treated cells compared with untreated cells at each shear rate indicate a weaker association between membrane and cytoskeleton for ethanol-treated cells. The significant increase in tether length and tether growth velocity with ethanol treatment is similar to the effects of actin-depolymerizing agents such as cytochalasin (31) and suggests increased lipid flow from the neutrophil and separation of the lipid bilayer from the underlying cytoskeleton, which decreases the necessary force for tether formation because the membrane-cytoskeletal adhesion term is removed (50) . The calculated force on the bonds obtained from our measurements are much lower for ethanoltreated cells (ϳ66 pN) than for untreated cells (ϳ115 pN), which further supports this argument. Lower force implies lower adhesion energy, likely due to weaker linkage of adhesion molecules to the cytoskeleton.
The average forces required to extract L-selectin and ␤ 2 -integrin from neutrophils have been estimated as 25-45 pN and 60 -130 pN, respectively (51), for slow processes lasting longer than 1 s. For tethering events with shorter lifetimes, bond forces were greater than 60 pN (6, 7, 52) . These findings suggested that the cytoplasmic domains of selectins and their counterreceptors help anchor these molecules to the cytoskeleton so that they can resist extraction. Our results indicate that by reducing these forces and adhesion energy, ethanol inhibits the ability of P-selectin and its counterreceptor, PSGL-1, to resist tether extraction in quiescent neutrophils. Because an increase in adhesion energy is a possible mechanism to slow down a cell once it becomes activated to promote firm adhesion, the ability of ethanol to decrease this adhesion energy in unstimulated cells may help lower the probability of undesirable aggregation of neutrophils in the absence of stimuli.
Previous studies have shown significant effects of ethanol on inflammatory responses including anion channel blocking properties, aggregation, hyperadherence inhibition, and superoxide inhibition (20, 23, 53) , but have remained largely inconclusive. Many were observing concentrations too high to be relevant to human biology. Our results indicate that ethanol has significant effects on bond chemistry, membrane mechanics, and molecule expression, which impacts the tethering, rolling, and adhesive properties of neutrophils, both with and without fMLP stimulus.
In summary, we found that ethanol decreased neutrophil capture and caused redistribution of PSGL-1, suggesting that ethanol may lower the likelihood that neutrophils will adhere to activated platelets or endothelial cells. These reductions may be counterbalanced by the increased rate of tether growth and possibility for slower rolling. Additionally, for fMLP-activated neutrophils, ethanol inhibited both the up-regulation of CD11b and L-selectin shedding. Ethanol caused competing biophysical and biochemical effects that: 1) reduced capture due to PSGL-1 redistribution; 2) reduced rolling velocity due to increased membrane tether growth, and 3) reduced conversion to firm arrest. These findings have important implications in physiologically relevant ethanol dosage for in vivo studies as well as solvent effects of ethanol during in vitro experimentation.
